Numerous attempts have been made to identify and engineer sequence-specific RNA endonucleases, as these would allow for efficient RNA manipulation. However, no natural RNA endonuclease that recognizes RNA in a sequence-specific manner has been described to date. Here, we report that SUPPRESSOR OF THYLAKOID FORMATION 1 (SOT1), an Arabidopsis pentatricopeptide repeat (PPR) protein with a small MutS-related (SMR) domain, has RNA endonuclease activity. We show that the SMR moiety of SOT1 performs the endonucleolytic maturation of 23S and 4.5S rRNA through the PPR domain, specifically recognizing a 13-nucleotide RNA sequence in the 5′ end of the chloroplast 23S-4.5S rRNA precursor. In addition, we successfully engineered the SOT1 protein with altered PPR motifs to recognize and cleave a predicted RNA substrate. Our findings point to SOT1 as an exciting tool for RNA manipulation.
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photosynthesis | PPR-SMR protein | RNA endonuclease | rRNA biogenesis S equence-specific RNA endonucleases are crucial to establishing RNA manipulation technology (1) . Compared with DNA editing, RNA manipulation could be more useful and reversible because it does not result in permanent changes to the genome. In addition, sequence-specific RNA endonucleases could potentially be used as an RNA silencing tool to complement RNAi, because RNAi is sometimes ineffective in certain organisms and RNAi machinery is not present in cellular compartments such as chloroplasts and mitochondria. Despite extensive investigations, a natural RNA endonuclease that recognizes RNA in an intrinsic sequence-specific manner has not yet been identified.
Pentatricopeptide repeat (PPR) proteins exist in eukaryotes, have greatly expanded in terrestrial plants, and take part in most RNA metabolic processes in organelles (2) (3) (4) (5) . The PPR domain can specifically recognize RNAs in an intrinsic sequence-specific manner (5) (6) (7) (8) . The 2nd, 5th, and 35th (or 1st, 4th, and 34th or 3rd, 6th, and 1st in other numbering systems) residues at each repeat are considered to be RNA selection "codes" (9) (10) (11) . Based on these codes, several PPR proteins have been successfully modified to recognize predictable RNA targets (9, (12) (13) (14) (15) (16) (17) .
The small MutS-related (SMR) domain was originally identified at the C terminus of MutS2 in the cyanobacterium Synechocystis (18) . SMR proteins are widely distributed in almost all organisms (19) . Recent studies demonstrated the SMR domain exhibits DNA nicking nuclease activity in vitro (20) (21) (22) (23) (24) (25) . Furthermore, a C-terminal SMR domain in Leishmania donovani S-phase mRNA cycling sequence binding protein (CSBP) has RNA cleavage activity in vitro (26) . These findings suggest that the SMR domain has nuclease activity.
Interestingly, a small protein family containing both PPR and SMR domains was recently described (27) . PPR-SMR proteins are found mainly in land plants. Arabidopsis thaliana contains eight PPR-SMR proteins localized to the organelles, including mitochondria and chloroplasts (27) . Currently, four PPR-SMR proteins have been characterized. They play an essential role in plastid retrograde signaling, plastid transcription, and RNA biogenesis (28) (29) (30) (31) (32) (33) (34) . Thus, PPR-SMR proteins clearly play important roles in organelle biogenesis. However, the molecular mechanisms underlying the functions of PPR-SMR proteins are largely unclear. In particular, the functions of the enigmatic SMR domain of these PPR-SMRs are unknown.
Considering the sequence-specific RNA binding capacity of the PPR domain and the potential nuclease activity of the SMR domain, it has been suggested that PPR-SMR proteins may represent natural sequence-specific RNA endonucleases (27) . If the endonuclease activity of the SMR domain of PPR-SMRs can be confirmed, the PPR-SMR proteins may serve as sequencespecific RNA endonucleases in nature and could be potentially used as tools for RNA manipulation (27) .
Here, we show that SUPPRESSOR OF THYLAKOID FORMATION 1 (SOT1) has endonuclease activity and performs the endonucleolytic maturation of 23S and 4.5S rRNA through the PPR domain, specifically recognizing a 13-nucleotide RNA sequence in the 5′ end of the chloroplast 23S-4.5S rRNA precursor. We also show that SOT1 can be modified to recognize and cleave a predicted RNA substrate. Our findings suggest that SOT1 could be used as a tool for RNA manipulation in the future.
Results
Disruption of SOT1 Impairs Translation in Chloroplasts. To identify factors required for chloroplast development, we screened an Arabidopsis mutant library and isolated a mutant line (ultimately named sot1-3, as described below) with a high chlorophyll fluorescence phenotype (SI Appendix, Fig. S1A ). The mutant displayed retarded growth and a virescent-leaf phenotype compared with the wild type (WT) (SI Appendix, Figs. S1 A and B and S2A). Chloroplasts in the mutant displayed a vesicular shape and few thylakoids in contrast to the crescent-shaped chloroplasts and well-formed thylakoid structure of WT (SI Appendix, Fig. S1C ). Analyses of chlorophyll fluorescence induction curves and P 700 redox kinetics revealed a defect in the functions of photosystem II (PSII) and photosystem I (PSI) in the mutant (SI Appendix, Fig. S3 ).
Because photosynthetic function was clearly defective in this mutant, we investigated changes in the core subunits of key photosynthetic complexes, including PSII, PSI, the cytochrome b 6 f complex, ATP synthase, the NADH dehydrogenase-like complex
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Our results demonstrate that SUPPRESSOR OF THYLAKOID FORMATION 1 (SOT1), an Arabidopsis pentatricopeptide repeat (PPR) protein with a small MutS-related (SMR) domain, has endonuclease activity. The SMR moiety of SOT1 performs the endonucleolytic maturation of 23S and 4.5S rRNA through the PPR domain specifically recognizing a 13-nucleotide RNA sequence in the 5′ end of the chloroplast 23S-4.5S rRNA precursor. Our results also show that SOT1 can be engineered to recognize and cleave a predicted RNA substrate. Our findings suggest that SOT1 could be used as a tool for RNA manipulation in the future. (NDH), and Rubisco. Whereas the levels of nuclear-encoded proteins (PsbO, Fd, and FNR) were largely unchanged, the levels of chloroplast-encoded proteins (D1, D2, PsaA, Cyt f, CF1β, RbcL, and ndhI) were considerably decreased in the mutant (SI Appendix, Fig. S2B ). Despite the changes in protein levels, the accumulation of transcripts corresponding to D1, PsaA, Cyt f, CF1β, and PsbO were not reduced in the mutant (SI Appendix, Fig. S4 ). These results suggest that the mutant harbors a defect in chloroplast translation. In vivo 35 S pulse-labeling experiments showed that the overall protein biosynthesis rate was dramatically lower in the mutant than in WT (SI Appendix, Fig. S2C ), supporting the idea that chloroplast translation was impaired in the mutant. The reduced biosynthesis of chloroplast-encoded proteins is likely responsible for the defects in chloroplast development, photosynthetic function, and plant growth observed in the mutant.
Map-based cloning identified a PPR-SMR gene (AT5G46580) in which a 31-base pair (bp) deletion resulted in a premature stop codon in the eighth PPR domain (SI Appendix, Fig. S2D ). AT5G46580 was previously assigned the name SOT1 because the corresponding mutants sot1-1 and sot1-2 (suppressor of thf1 1/2) were identified in a suppressor screen for the leaf variegation phenotype of thylakoid formation 1 (thf1) (34) . Accordingly, we designated the mutant identified in our screen as sot1-3. sot1-3 is a knockout mutant (SI Appendix, Fig. S5 ) and genetic complementation confirmed that disruption of SOT1 is responsible for the phenotypes observed in sot1-3 (SI Appendix, Figs. S1-S3).
SOT1 Functions with Miniribonuclease III in the Maturation of 23S and 4.5S rRNA. SOT1 and its maize ortholog PPR53 encode proteins with 11 PPR motifs in the N-terminal region and a SMR domain in the C-terminal region and both are involved in the maturation of 23S and 4.5S rRNA (33, 34) . Our results with sot1-3 show that the loss of SOT1 resulted in less mature 23S and 4.5S rRNA as well as staggered 23S rRNA 5′ ends (SI Appendix, Fig. S6 ), which is similar to results observed in sot1-1 and sot1-2 (34).
Chloroplast miniribonuclease III proteins RNC3 and RNC4 are known to cleave the 5′ and 3′ regions of 23S-4.5S rRNA precursor simultaneously and the loss of miniribonuclease III results in staggered 23S rRNA 5′ ends and less mature 4.5S rRNA (35) . To investigate how SOT1 might function in the maturation of 23S and 4.5S rRNA, we compared the 5′ end of 23S rRNA and 3′ end of 4.5S rRNA in sot1-3 and miniribonuclease III mutant rnc3/4 using RACE assays. The staggered 23S rRNA 5′ ends and levels of mature 4.5S rRNA in sot1-3 were strikingly similar to those in rnc3/4 (SI Appendix, Fig. S7 ). These results indicate that miniribonuclease III processing is disrupted in sot1-3 and suggest that miniribonuclease III processing is mediated by SOT1 during maturation of 23S and 4.5S rRNA.
The SMR Domain of SOT1 Is Required for the Maturation of 23S and 4.5S rRNA. It has been suggested that SOT1/PPR53 acts in the maturation of 23S and 4.5S rRNA through directly binding to the 5′ end of the 23S-4.5S rRNA precursor via the PPR domain and hence blocking the attacks of 5′ exonuclease (33, 34) . To address whether the SMR domain of SOT1 functions in the maturation of 23S and 4.5S rRNA, we attempted to complement sot1-3 plants with the PPR domain alone (sot1-3/35S:SOT1 PPR -HA). The expression of the PPR domain in sot1-3/35S:SOT1 PPR -HA plants was confirmed by RT-PCR and immunoblot assays (SI Appendix, Fig. S8 ). The sot1-3/35S: SOT1 PPR -HA plants displayed a virescent-leaf phenotype and had considerably reduced mature 23S and 4.5S rRNA, similar to sot1-3 ( Fig. 1 A and B) . The lack of phenotype recovery with the PPR domain alone suggests that the SMR domain of SOT1 plays an important role in the maturation of 23S and 4.5S rRNA.
The SMR Domain of SOT1 Has Nuclease Activity. Because SMR domains typically have DNA nicking activity (20) (21) (22) (23) (24) (25) (26) , we investigated whether the SMR domain of SOT1 retained the ability to nick supercoiled DNA. We found that recombinant SMR protein SOT1 SMR (amino acids 603-710 of SOT1) cleaved supercoiled pUC19 to open circular and linear conformations and that the metal ions Mn 2+ and Mg 2+ increased the DNA endonuclease activity of SOT1 SMR ( Fig. 2 A-C), indicating that the SMR domain of SOT1 indeed has DNA endonuclease activity.
Given the fact that SOT1 is able to bind the 5′ region of the 23S-4.5S rRNA precursor (34), we then investigated whether the SMR domain of SOT1 has RNA nuclease activity. SOT1 SMR efficiently degraded total rRNA isolated from wild-type Arabidopsis, suggesting that the SMR domain of SOT1 has RNA nuclease activity in vitro (Fig. 2E) . However, the metal ions Mn 2+ , Ca
2+
, and Mg 2+ inhibited the RNA nuclease activity of SOT1 SMR under these conditions (Fig.  2F) . To investigate the potential nuclease activity of the SMR domain in vivo, we complemented sot1-3 with a chloroplast transit peptide-SMR domain of SOT1 fusion protein (sot1-3/35S:SOT1 SMR -HA) (SI Appendix, Fig. S8 ). This overexpression of the SMR domain in sot1-3 caused a lethal phenotype at the early development of seedlings (Fig. 1A) . Smeared rRNA bands on the RNA gel ( Fig. 2G ) indicated that the SMR domain of SOT1 has in vivo nuclease activity. Taken together, these results establish that the SMR domain of SOT1 possesses both DNA and RNA nuclease activities.
SOT1 Has RNA Endonuclease Activity and Cleaves the 5′ Region of the 23S-4.5S rRNA Precursor. SOT1 specifically binds the 5′ region of 23S-4.5S rRNA precursor with a 73-nt segment (denoted RNA73 hereafter) (34) (35) (36) ; thus, we reasoned that RNA73 should be an in vivo substrate for SOT1. To start, we aimed to investigate whether SOT1 could specifically cleave RNA73 using the recombinant SOT1 in vitro. Unfortunately, it was quite difficult to express intact SOT1 in Escherichia coli. Therefore, we tried to express the homologous proteins of SOT1 from other species such as Arabidopsis lyrata, Glycine max, Zea mays, and Oryza sativa. After numerous unsuccessful attempts, we ultimately obtained Gm-SOT1 from G. max (SI Appendix, Fig. S9 ). The sequence identity of SOT1 and Gm-SOT1 is ∼70%, and they share key residues for RNA recognition (residues 5 and 35 in each PPR motif, marked as red frames in SI Appendix, Fig.  S10A ). The 5′ region of 23S-4.5S rRNA precursor is highly conserved between A. thaliana and G. max (SI Appendix, Fig. S10B ). In addition, similar to the SMR domain of SOT1, the SMR domain of Gm-SOT1 had both DNA and RNA nuclease activities ( Fig. 2 A, C, E, and F). Thus, we used the recombinant protein Gm-SOT1 as an appropriate substitute for SOT1.
We used 3′-end and 5′-end biotin-labeled RNA73 to examine the catalytic activity of Gm-SOT1. With increasing Gm-SOT1 concentration, more cleavage products could be detected ( Fig. 3 A and B). These results suggest that Gm-SOT1 can efficiently cleave the 5′ end of 23S-4.5S rRNA precursor and that the cleavage products are released due to the RNA endonuclease activity of Gm-SOT1. In addition, increasing amounts of the cleavage products were detected with increasing incubation time (Fig. 3C ). Compared with 20°C incubation, incubation at higher temperatures (25°C and 37°C) led to the production of more obvious cleavage products (Fig. 3D ). The metal ions Mn 2+ , Ca 2+ , and Mg 2+ inhibited the RNA nuclease activity of Gm-SOT1 (Fig.  3E ). The cleavage products of RNA73 arose specifically due to the activity of Gm-SOT1 and not a contaminating ribonuclease, as the incubation of RNA73 with MBP protein that was purified from E. coli in parallel did not show any RNA cleavage. Together, these results demonstrate that Gm-SOT1 has RNA endonuclease activity.
Our above results show that the SMR domain of SOT1 possesses DNA and RNA nuclease activities, cleaving pUC19 plasmid and Arabidopsis total RNA, respectively ( Fig. 2 B and E). Thus, we investigated whether the full-length Gm-SOT1 can cleave pUC19 plasmid and Arabidopsis total RNA. The fulllength Gm-SOT1 did not cleave pUC19 plasmid and total rRNA efficiently ( Fig. 2 D and H) .
We observed clear cleavage products of RNA73 produced by Gm-SOT1 (Fig. 3) . To identify the cleavage sites of SOT1, the cleavage products were recovered and analyzed by 5′-rapid amplification of cDNA ends (5′ RACE), followed by sequencing (Fig. 4A) . Most of the clones derived from 5′-RACE revealed two cleavage sites by Gm-SOT1 that were separated by only one base. These two cleavage sites were located at around −40 relative to the 5′ end of mature 23S (Fig. 4B) .
Critical Amino Acids of the SMR Domain of SOT1 for RNA Cleavage.
The SMR domain in eukaryotes contains two conserved motifs, LDXH and TGXG (27) . Because it has been proposed that amino acids D and R in the LDVR motif, and the TGXG motif might function in nucleic acid binding or nuclease activity (19) , we investigated the possible roles of these amino acids in RNA endonuclease activity. These two conserved motifs of the SMR domains in SOT1 and Gm-SOT1 correspond to residues LDVR and TGTG, respectively (Fig. 4C) . We used site-directed mutagenesis to test the effects of these amino acids on RNA endonuclease activity in Gm-SOT1 (SI Appendix, Fig. S11 , Left). The G657A, T658A, and G659A substitutions resulted in dramatic decreases in the catalytic activity of Gm-SOT1, but D618A, R620A, and T656A substitutions had no effects on the catalytic activity of Gm-SOT1 (Fig. 4D) . It is most likely that G657A and G659A substitutions affect the SMR structure, thereby influencing the catalytic pocket. According to the "catalytic triad model" (37) , T658 should function as the nucleophile in this region and H661 and K662 nearby the TGTG motif may function as two other catalytic sites. We thus investigated the roles of H661 and K662 in endonuclease activity. A H661L mutation almost completely blocked catalytic activity and K662M led to moderate inhibition of catalytic activity (Fig. 4D) . Based on these results, we conclude that T658, H661, and K662 as critical amino acids of the SMR domain may form a catalytic triad and play a critical role in RNA endonuclease activity of Gm-SOT1. Based on our above results, Gm-SOT1 T658 is important in endonuclease activity but Gm-SOT1 R620 apparently has no effect on endonuclease activity. We selected these two amino acids for analysis of their potential roles in the maturation of 23S and 4.5S rRNA using genetic approaches. SOT1 T655 (corresponding to Gm-SOT1 T658) and SOT1 R617 (corresponding to Gm-SOT1 R620) were mutated to SOT1 T655A and SOT1 R617A, respectively, and tested for their ability to complement the sot1-3 mutant. The sot1-3/35S:SOT1 T655A -HA plants had virescent leaves and considerably decreased mature 23S and 4.5S rRNA similar to sot1-3, whereas the phenotypes were rescued in sot1-3/35S:SOT1 R617A -HA plants in terms of the leaf phenotype and the maturation of 23S and 4.5S rRNA (Fig. 1) . These results suggest that the critical amino acids identified above play an important role in the maturation of 23S and 4.5S rRNA.
The above results suggest that the TGXG motif of the SMR domain is critical for RNA cleavage. However, our results showed that for the SMR domain, the DNA nicking activity was mainly dependent on Mg , and RNA cleavage was inhibited by all three divalent ions ( Fig. 2 C and F) . These results indicate that DNA nicking might catalyze at a different active site as RNA cleavage. To investigate this possibility, we mutated the critical amino acid T of the TGXG motif in SOT1 SMR and Gm-SOT1 SMR and obtained two variants of the SMR domain, SOT1 SMR T655A and Gm-SOT1 SMR T658A (SI Appendix, Fig. S12  A and B) . SOT1 SMR T655A and Gm-SOT1 SMR T658A had DNA nicking activity but not RNA cleavage activity (SI Appendix, Fig.   S12 C and D) , suggesting that the TGXG motif is not critical for DNA nicking. We further mutated the two conserved amino acids D and R in the LDXH motif to examine whether the LDXH motif is involved in DNA nicking. The D615A and R617A substitutions , and Mn 2+ on RNA nuclease activities of the SMR domains of SOT1 and Gm-SOT1 SMR . A total of 100 nM MBP, SOT1 SMR , and Gm-SOT1 SMR were incubated with total wild-type Arabidopsis RNA in the presence of MgCl 2 , CaCl 2 , or MnCl 2 . The concentration of each cation was 3 mM. (G) Accumulation of total RNAs in WT, sot1-3/35S:SOT1 SMR -HA, and sot1-3 plants. A total of 3 μg total RNAs from 12-d-old WT, sot1-3/35S:SOT1 SMR -HA, and sot1-3 seedlings were separated in agarose/formaldehyde gels and observed by ethidium bromide staining. (H) Analyses of RNA nuclease activity of Gm-SOT1. MBP and Gm-SOT1 with different concentrations were incubated with total wild-type Arabidopsis RNA at 25°C for 30 min. The reaction products were detected by electrophoretic separation in agarose/formaldehyde gels with ethidium bromide staining.
in SOT1 SMR and the D618A and R620A substitutions in Gm-SOT1 SMR showed a considerable decrease in DNA nicking activity but had no effects on RNA cleavage activity (SI Appendix, Fig. S12  C and D) . Taken together, these results indeed indicate that for the SMR domain, DNA nicking catalyzes at a different active site as RNA cleavage.
Programmable RNA Recognition and Cleavage by Gm-SOT1. Sitespecific recognition and cleavage of RNA is crucial for in vitro RNA manipulation and in vivo gene silencing (1) . Therefore, we investigated whether SOT1 can be engineered to specifically recognize and cleave new substrates. To engineer SOT1 successfully, it is crucial to identify the minimal binding sequence by SOT1. A 20-nt/24-nt segment in the 5′ region of the 23S-4.5S rRNA precursor was identified as the binding sequence by SOT1/PPR53 (33, 34) (illustrated in SI Appendix, Fig. S13A ). Our results showed that the 13-nt sequence 5′-AUGGAC-GUUGAUA-3′ (RNA13) spanning −70 to −58 (relative to the 5′ end) of mature 23S rRNA contributed to the minimal binding sequence of SOT1 (SI Appendix, Fig. S13 ).
According to the "PPR code," a simple combination of amino acids at position 5 and 35 in a PPR motif determines its nucleotide recognition (9-11) (Fig. 5A) . Accordingly, we mutated the fifth amino acids in PPR motifs 1-4 in Gm-SOT1. Thus, the fifth amino acid N, S, S, and S at the PPR motif 1, 2, 3, and 4 were mutated as T, N, N, and N, respectively. This mutated Gm-SOT1 was termed as "Gm-SOT1m" (SI Appendix, Fig. S11, Right) . According to the PPR code, the predicted RNA targets in the PPR motifs 1-4 in Gm-SOT1 were U, G, G, and A, respectively and in Gm-SOT1m, they were G, U, U, and C, respectively ( Fig.  5 B and C) .
We determined whether Gm-SOT1m could recognize its predicted targets. Because RNA13 was the minimal binding sequence of SOT1 (SI Appendix, Fig. S13 ), we used this sequence as the substrate for binding analysis. The RNA13 was modified into RNA13m ( Fig. 5 B and C) . We used a system with multiple fluorescent probes in a single assay (15) . RNA13 and RNA13m were 5′ labeled with Cy5 and Cy3, respectively, to produce Cy5 RNA13 and Cy3 RNA13m. As expected, the wild-type Gm-SOT1 recognized Cy5 RNA13 but not Cy3; the mutated form Gm-SOT1m recognized Cy3 RNA13m but not Cy5 RNA13 (Fig. 5D) .
The RNA13 used in this study likely has little residual structure. Thus, programmable RNA binding by Gm-SOT1 may be interfered by RNA structure that can render the intended binding site less accessible. To address this issue, we expanded the EMSA assay by varying the structural content of RNA13 by adding short, unlabeled oligos (oligo1-5) that progressively base pair with the RNA13 (SI Appendix, Fig. S14A ). Our results showed that Gm-SOT1 was still capable of binding the RNA13 in the presence of oligo1-5, respectively (SI Appendix, Fig. S14B ).
Then, we determined whether Gm-SOT1m could cleave its predicted targets. Because RNA73 contained the binding and cleavage sites for Gm-SOT1, RNA73 was used as the substrate for cleavage analysis. The sequence modification in RNA73 was the same as that in RNA13, and the modified sequence of RNA73 was designated RNA73m (Fig. 5 B and C) . RNA73 and RNA73m were 5′ labeled with FAM and Cy3, respectively, producing FAM RNA73 and Cy3 RNA73m. Importantly, Gm-SOT1 cleaved FAM RNA73 but not Cy3 RNA73m, and GmSOT1m cleaved Cy3 RNA73m but not FAM RNA73 (Fig. 5E) .
To further confirm Gm-SOT1 could be engineered to recognize and cleave RNA targets in a predictable manner, we generated three additional Gm-SOT1 variants in which the fifth amino acids were mutated in PPR motifs either 5-6, or 5-7, or 1-6. The cognate RNA target for each Gm-SOT1 variant was predicted according to the PPR code (SI Appendix, Fig. S15 A-C) . As expected, the Gm-SOT1 variants solely recognized and cleaved their cognate RNA targets (SI Appendix, Fig. S15 D and E) . Together, these results demonstrate that both RNA recognition and cleavage by SOT1 can be altered in a predictable manner.
Discussion
Because sequence-specific RNA endonucleases would be potentially powerful tools for RNA manipulation (1, 27) , many efforts have been invested to identify a natural RNA endonuclease that recognizes RNA in an intrinsic sequence-specific manner. Here, we report that SOT1 has sequence-specific RNA endonuclease activity. Even more importantly, we successfully engineered SOT1 protein with an altered PPR motif to recognize and cleave a predicted RNA substrate, suggesting that SOT1 could be used for RNA manipulation in the future.
The PPR-SMR SOT1 Protein Has RNA Endonuclease Activity. PPR-SMR proteins represent a small subset of the large PPR protein family in higher plants (27) . Despite being few in number, they play critical roles in chloroplast biogenesis and retrograde signaling (28) (29) (30) (31) (32) (33) (34) . The PPR domain can specifically recognize RNAs in an intrinsic sequence-specific manner (5) . Previous studies of SMR-containing proteins in other organisms have provided evidence for endonuclease activity of the SMR domain (20) (21) (22) (23) 26) . However, the function of the enigmatic SMR domain in PPR-SMR proteins has not yet been comprehensively investigated.
In this study, we demonstrated that the SMR domain of SOT1 has metal-dependent DNA endonuclease activity (Fig. 2 B and C) , which is consistent with the DNA endonuclease activity observed in other SMR-containing proteins (20) (21) (22) (23) (24) (25) (26) . In addition, our results showed that the SMR domain of SOT1 has RNA endonuclease activity (Fig. 2E) . In this regard, SOT1 is similar to the conserved endoribonuclease YbeY, which is able to cleave Arabidopsis total rRNA (38) . The expression of the SMR domain of SOT1 in sot1-3 plants resulted in a lethal phenotype (Fig. 1A) , similar to the PilT N-terminal (PIN) ribonuclease domain (39) . Overall, our results clearly indicate that the SMR domain of SOT1 has both DNA and RNA endonuclease activities.
Given that the SMR domain has these activities, does the fulllength SOT1 exhibit DNA and RNA endonuclease activities? Our results show that the full-length Gm-SOT1 could not cleave the plasmid DNA (Fig. 2D) , indicating that the full-length SOT1 likely has no DNA endonuclease activity. Similarly, the full-length Gm-SOT1 could not cleave Arabidopsis total rRNA (Fig. 2H) . These results suggest that the endonuclease activity of the full-length SOT1 may be dependent on the specific RNA sequence. Previous study has shown that SOT1 specifically binds a 73-nt segment (RNA73) of the 5′ region of 23S-4.5S rRNA precursor (34) . Our results showed that the full-length Gm-SOT1 could cleave RNA73 at two sites that were located at around −40 relative to the 5′ end of mature 23S (Fig. 4 A and B) . Thus, the full-length SOT1 has sequence-specific RNA endonuclease activity.
It would be invaluable to identify catalytic residues in the SMR domain of SOT1 for its RNA endonuclease activity (27) . It has been suggested that two motifs, LDXH and TGXG, are the potential catalytic residues of the SMR domain (19, 22, 27) . Our site-directed mutagenesis and genetic complementation analyses indicated that the motif TGXG, but not the motif LDXH, is critical for RNA endonuclease activity of SOT1 (Figs. 1 and 4 C  and D) .
How is SOT1 involved in the maturation of 23S and 4.5S rRNA precursor? We detected effective cleavage at the 5′ end of the 23S-4.5S rRNA by SOT1 in vitro (Fig. 3) . Further analyses of the SOT1 cleavage products demonstrated that the SOT1 cleavage site is located at approximately −40 relative to the 5′ end of mature 23S (Fig. 4 A and B) . The miniribonuclease III The TGXG motif is critical for the RNA endonuclease activity of Gm-SOT1. Site-directed mutagenesis was performed to investigate the effects of amino acids in the LDXH motif and TGXG motifs on the RNA endonuclease activity of Gm-SOT1. A total of 10 nM 3′-end biotin-labeled RNA73 was incubated with 100 nM MBP, Gm-SOT1, and Gm-SOT1 variants at 25°C for 30 min, followed by separation of RNA on 10% (wt/vol) denaturing polyacrylamide gels. Marker sizes are shown at Left.
cleavage site is thought to be located in an RNA duplex of ∼20 bp formed by complementary sequences in the 5′ proximal region of 23S and the 3′ proximal region of 4.5S. Miniribonuclease III a_ppears to cleave the 23S-4.5S precursor to simultaneously produce the mature 5′ end of 23S and the 3′ end of 4.5S (35) . The SOT1 cleavage site is located ∼40 nucleotides upstream of the miniribonuclease III cleavage site. The comparison of the 5′ end of 23S rRNA and 3′ end of 4.5S rRNA in sot1-3 and the miniribonuclease III mutant rnc3/4 show that there was the disruption of the miniribonuclease III processing in sot1-3 (SI Appendix, Fig. S7 ). Based on our results, we propose that the endonucleolytic cleavage performed by SOT1 is required for the processing by miniribonuclease III during maturation of 23S and 4.5S rRNA. In bacteria, it is thought that the final maturation of 23S rRNA is completed by miniribonuclease III through a one-step cleavage (40, 41) . However, in chloroplasts, one or two small RNAs adjacently to the upstream of the miniribonuclease III cleavage site were identified (34, 35) , indicating that additional, unknown processing events exist before miniribonuclease III cleavage in the maturation of 23S rRNA in chloroplasts. Ribonucleases that perform these additional unknown processing events remain elusive. Our results showed that SOT1 performed an endonucleolytic cleavage adjacently to the upstream of the miniribonuclease III cleavage during maturation of 23S rRNA in chloroplasts. Such a finding provides us deep understanding of the molecular mechanism for maturation of 23S rRNA in chloroplasts and suggests that new ribonucleases have emerged as being required for the 23S rRNA processing during evolution of chloroplasts. Our finding also expands the understanding of the biological functions of PPR proteins, because it is generally believed that PPR proteins stabilize or remodel their RNA targets (5) . However, the exact molecular mechanism of SOT1 in maturation of 23S rRNA in chloroplasts remains to be investigated further.
SOT1 Could Be a Powerful Tool for RNA Manipulation. DNA restriction enzymes were first described ∼40 y ago. However, no analogous RNA endonuclease that recognizes RNA in a sequence-specific manner was forthcoming. Despite their affinity for many types of RNA, RNA endonucleases exhibit limited, imprecise recognition of RNA sequences, which limits their value for RNA manipulation. Until now, many RNA binding proteins, such as RNA-recognition motif (RRM), K homology (KH), zinc finger (ZF), and Pumilio/ FBF homology protein (PUF), were found to have modular structures to recognize RNA sequences and/or structures (42) . Among these RNA binding proteins, PUF proteins may represent a candidate for engineering highly sequence-specific RNA binding (42) . The classical PUF proteins contain eight repeat domains and each repeat can recognize a single RNA nucleotide (43) . The RNA specificity of the PUF domain has been well decoded (44) (45) (46) . Based on the properties of the PUF proteins, the programmable RNA binding by the engineered PUF protein has been realized (47) (48) (49) (50) . Moreover, the PUF domains fusing with a general RNA cleavage domain have been generated to the artificial site-specific RNA endonucleases that specifically recognize and cleave RNA targets (51, 52) .
Similar to PUF proteins, several PPR proteins have been successfully modified to recognize corresponding RNA targets through simply modifying the critical amino acids of each PPR motif (9, (12) (13) (14) (15) (16) (17) . Considering the PPR motifs have been designed to target a specific transcript, if RNA endonuclease activity can be confirmed for the SMR domain of PPR-SMR proteins, the PPR-SMR protein will enable "engineering" of sequence-specific RNA endonucleases, which will have exciting applications for RNA manipulation (27) . Our current results demonstrated that the PPR-SMR protein SOT1 has RNA endonuclease activity and can be engineered to recognize and cleave RNA with customizable sequence specificity. We altered the critical amino acids for RNA recognition in the SOT1 PPR motifs, finding that the modified protein could recognize and cleave a new RNA substrate in the expected manner ( Fig. 5 and SI Appendix, Fig. S15) .
Recently, the CRISPR/Cas9 system has been widely used in the field of genome editing (53, 54) . This system can also be used for programmable RNA recognition and cleavage (55) . In addition, it was found recently that C2c2 is a programmable RNA-guided RNA-targeting CRISPR effector (56) . These findings suggest that the CRISPR/Cas system can be used to develop RNA-targeting tools (55) (56) (57) . Compared with the CRISPR/Cas system that uses RNA-mediated base pairing to recognize RNA targets, SOT1 relies upon PPR-RNA interactions to recognize RNA targets. The results in this study reveal that SOT1 can achieve programmable RNA recognition and cleavage, suggesting that SOT1, similar to the CRISPR/Cas system, can be used as a tool for RNA manipulation. Currently, chloroplast and mitochondrial transformation is technically very difficult, labor intensive, and time consuming and achieved only in very few organisms (58, 59) . It is unclear whether CRISPR/Cas9 could cleave or edit the mitochondrial genome because it is challenging to import the guide RNA component into mitochondria (60) . Thus, developing chloroplast and mitochondrial RNA-targeting tools will be significant for chloroplast and mitochondrial biology. SOT1 is a chloroplast-localized protein and could be targeted into mitochondria by fusing a mitochondrial signaling peptide. Therefore, an advantage for SOT1 is that it can be used for programmable chloroplast/mitochondrial genesencoded RNA recognition and cleavage, which enables SOT1 to be a potential RNA-targeting tool in chloroplasts and mitochondria. Just as DNA restriction enzymes have revolutionized the field of molecular biology, we look forward to the potential application of SOT1 to the broad field of RNA manipulation, especially in chloroplasts and mitochondria. Nevertheless, further elucidation of the detailed catalytic mechanism used by SOT1 is essential to make use of this exciting tool. 14-h light/10-h-dark cycles at 23°C and 50% relative humidity.
Expression of Recombinant Proteins. The pASK-IBA44 expression system (IBA GmbH) was used to express recombinant proteins in E. coli. The gene encoding the MBP tag was inserted into pASK-IBA44 to facilitate the protein purification. The coding sequences for the SOT1 SMR domain (amino acids 603-710), the Gm-SOT1 SMR domain (amino acids 606-711), and Gm-SOT1 (amino acids 182-706) were subcloned into the pASK-IBA44 vector. Expression of MBP, SOT1 SMR , and Gm-SOT1 was induced upon addition of 200 μg anhydrotetracycline per liter E. coli JM83 in a shaking culture (A550 = 0.4). After induction at 17°C for 3 h, E. coli cultures were harvested and homogenized in buffer containing 50 mM phosphate, pH 7.5, 400 mM NaCl, 100 mM KCl, and 10% (vol/vol) glycerol. After sonication and centrifugation, the supernatant was applied to Ni-NTI (Qiagen) and subsequently loaded onto an amylose resin column (NEB). The purified proteins were further fractionated by size exclusion chromatography (GE Superdex 200 10/300 GL).
To generate the constructs of Gm-SOT1 variants, SOT1 SMR variants, and Gm-SOT1 SMR variants, site-directed mutagenesis and multisite-directed mutagenesis were performed using a Fast Mutagenesis System (Transgen FM111) and a Fast MultiSite Mutagenesis System (Transgen FM201), respectively, according to the manufacturer's instructions (for primers, see SI Appendix, Table S1 ). Expression and purification of the Gm-SOT1 variants, SOT1 SMR variants and Gm-SOT1 SMR variants were performed as described for Gm-SOT1.
Nuclease Activity Analysis of the SMR Domain of SOT1. DNA nicking nuclease activity analysis was performed as described previously (21) . The pUC19 (Takara) plasmid DNA (5 ng μL ) was incubated with MBP, SOT1 SMR , SOT1 SMR variants, Gm-SOT1 SMR , Gm-SOT1 SMR variants, or Gm-SOT1 in buffer [20 mM phosphate, pH 7.5, 160 mM NaCl, 40 mM KCl, and 4% (vol/vol) glycerol] at 25°C for 60 min. The reaction products for pUC19 plasmid DNA were detected by electrophoretic separation in 1% agarose gels with ethidium bromide.
RNA nuclease activity was performed as described previously (38) . The total RNA (3 μg) extracted from wild-type plants was incubated with MBP, SOT1 SMR , SOT1 SMR variants, Gm-SOT1 SMR , Gm-SOT1 SMR variants, or Gm-SOT1 in buffer [20 mM phosphate, pH 7.5, 160 mM NaCl, 40 mM KCl, and 4% (vol/vol) glycerol] at 25°C for 30 min. The reaction products for total RNAs were separated in 1.2% (wt/vol) agarose/formaldehyde gels and visualized by ethidium bromide staining.
RNA Endonuclease Activity Analysis of SOT1. The 5′-end biotin-labeled RNA73, 3′-end biotin-labeled RNA73, 5′-end FAM-labeled RNA73, 5′-end Cy3-labeled RNA73m, 3′-end biotin-labeled RNA73 PPR5-6 , 3′-end biotin-labeled RNA73 PPR5-7 , and 3′-end biotin-labeled RNA73 PPR1-6 were synthesized and labeled by Takara. The reaction buffer contained 20 mM phosphate, pH 7.5, 160 mM NaCl, 40 mM KCl, and 4% (vol/vol) glycerol. The reaction products for the 5′-and 3′-end biotin-labeled RNA73, 3′-end biotin-labeled RNA73 PPR5-6 , 3′-end biotin-labeled RNA73 , and 3′-end biotin-labeled RNA73 were separated in 10% (wt/vol) polyacrylamide gels, transferred into nylon membranes, and subsequently detected using a chemiluminescent detection kit (Thermo, 89880). The reaction products for the 5′-end FAM-labeled RNA73, and 5′-end Cy3-labeled RNA73m were resolved on 10% (wt/vol) polyacrylamide gels and detected using a Typhoon Trio imager (GE Healthcare).
Electrophoretic Mobility Shift Assays. Electrophoretic mobility shift assays (EMSA) were carried out with a LightShift Chemiluminescent RNA EMSA Kit (Thermo 20158) following the manufacturer's instructions (61) . The 5′-end Cy3-labeled RNA14/RNA13/RNA12a/RNA12b, 5′-end Cy5-labeled RNA13, 5′-end Cy3-labeled RNA13m, 5′-end biotin-labeled RNA13 PPR5-6 , 5′-end biotinlabeled RNA13 PPR5-7 , 5′-end biotin-labeled RNA13 PPR1-6 , and oligo1-5 were synthesized and labeled by Takara. For the RNAs labeled with different fluorescent dyes (Cy5 and Cy3), the binding reaction mixture consisted of 10 mM Hepes (pH 7.3), 20 mM KCl, 2 mM MgCl 2 , 1 mM DTT, 5% (vol/vol) glycerol, and 40 nM RNA. The protein sample was incubated with the binding reaction mixture at 20°C for 30 min. The reaction products for the 5′-end Cy3-labeled RNA14/RNA13/RNA12a/RNA12b, 5′-end Cy5-labeled RNA13, and 5′-end Cy3-labeled RNA13m were resolved on 6% (wt/vol) native polyacrylamide gels and were detected using a Typhoon Trio imager (GE Healthcare). For the RNAs labeled with biotin, the binding reaction mixture consisted of 10 mM Hepes (pH 7.3), 20 mM KCl, 2 mM MgCl 2 , 1 mM DTT, 5% (vol/vol) glycerol, and 10 nM RNA. The protein sample was incubated with the binding reaction mixture at 20°C for 30 min. The reaction products for the 5′-end biotin-labeled RNA13, 5′-end biotin-labeled RNA13 PPR5-6 , 5′-end biotin-labeled RNA13 PPR5-7 , and 5′-end biotin-labeled RNA13 PPR1-6 were resolved on 6% (wt/vol) native polyacrylamide gels and transferred into nylon membranes and were subsequently detected according to standard protocol of the chemiluminescent detection kit (Thermo, 89880).
